Yeast glycolysis is one of the best studied metabolic pathways and is a particularly good model system to study oscillatory behaviour, due to the tendency of yeast populations to synchronise their oscillations 1 . To resolve the question whether isolated yeast cells can oscillate, we studied yeast in micro-fluidic cells, under conditions that prevent cell-cell communication (low cell density, high flow rate). Thus, we could separate oscillations from synchronisation, which is not possible in typical population studies where a population average is monitored (i.e. where only synchronised cultures can be studied). After characterising the yeast oscillations in isolated cells, it is now important to allow cell-cell communication in the system to study the synchronisation characteristics.
INTRODUCTION
Populations of oscillatory yeast cells have a strong tendency to synchronise their oscillations when incubated at sufficiently high population densities. The disappearance of an average oscillatory signal at lower cell densities 2 , and the apparent silencing of the oscillations when cells where isolated from an oscillatory culture 3, 4 , has led people to suggest that isolated yeast cells do not oscillate. This question was resolved when oscillations could be induced in isolated cells in a micro-fluidic cell 7 . Although such isolated cells responded simultaneous to extracellular triggers, they did not display autonomous synchronisation, most likely because the cell-cell communication was too weak due to low cell densities and high flow rates.
Combining microfluidic diffusion chambers with IR optical tweezers, a controlled environment, in terms of stress solution concentrations and flow, surrounds an array of cells in order to observe individual glycolytic oscillations and cell-cell influence. Unlike previous designs, the microfluidic device proposed in this work aims to maintain a minimum flow region to avoid the removal of Aca and thereby, follow its role in synchronization.
Concurrently, the transport of stress solution needs to be guaranteed in order to trigger single cell oscillations. For this purpose, a diffusion mechanism based chamber was designed using the concentration gradient between cyanide and the phosphate buffer solution surrounding the yeast cells.
Fluorescence microscopy was implemented for time-dependent acquisition. NADH auto fluorescence allowed to follow the glycolytic periodicity using the mean intensity of each individual cell. As an ongoing study, a spinning disk confocal is being utilized in conjunction with NADH sensors that are currently being evaluated, taking into account that NADH auto fluorescence is not strong enough when exciting with a single wavelength. The plausible outcome of such a combinatory approach enables acquisition of intracellular fluctuations of NADH and its concentration propagation in individual cells.
MATERIALS AND METHODS

Microfluidics
In order to control environmental changes, microfluidic chambers were designed, simulated and fabricated. These devices needed to have both, a flow region that allows the cell trapping and a quasi-static region where the cells are placed forming an array and by means of diffusion completely covered with the stress solution.
The chamber has two inlets; one for the cell solution and a second one for the stress solution, both of them connected via polytetrafluoroethylene tubing to 250 μl glass syringes. The channels were fabricated with a height of 15 µm with the aim of obtaining a high cell density environment in a single cell layer. To fulfill aspect ratio conditions, the channels are 50 µm wide, and the diffusion chamber´s circular diameter and micro channels were 74 µm and 5 µm, respectively. The design included an opening between the diffusion chamber and the flow region in order to enable trapping and transport of the yeast cells.
The concentration gradients and the velocity distribution were simulated using COMSOL Multiphysics®. The simulations were executed using the application modes Incompressible Navier-Stokes and Convection and Diffusion. A no-slip condition was applied to all walls of the device. The main objective was to follow the transport of species for the two main purposes of the system, beginning with the cells circulation through the flow region (where the cells are trapped by the use of the optical tweezers), followed by cyanide-glucose diffusion to the interior of the chamber. In figure 1a . it is possible to observe how the flow rate achieves its maximum values around the diffusion channels.
The microfluidic systems were fabricated using photolithography techniques to obtain the molding masters. Silicon 4-inch wafers were spin-coated with SU8 2015 photoresist according to the fabricator protocol to obtain the desired height 5 and UV exposed using a MA/BA 6 Suss MicroTec mask aligner with 6 mW/cm 2 intensity for 10 seconds in a Lo Vac mode. Subsequently, these molding masters were used for the polydimethylsiloxane (PDMS) final device. (For details regarding the molding methodology 
Optical s
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CONCLUSIONS AND FUTURE PROSPECTS
This work presented the design of a system capable of creating a link between previous studies on glycolytic oscillations in terms of scale, positioning the interest between complete population studies and isolated single cell analysis. A microfluidic device suitable for transporting and optical trapping of flowing single cells, containing a chamber where the cells could be arranged for posterior diffusion based stress was designed, fabricated and employed. Being able to control the environment in terms of concentration distributions and flow rates allowed the study of cell metabolic responses responses such as glycolysis. To assure the reliability of the design, numerical simulations were executed having as input the real values and conditions of the experiment of interest. By means of COMSOL Multiphysics, the velocities distributions and the diffusion of species were visualized. Due to the device dimensions, low flow rates were established, having a 0.03 µl/min flow that by diffusion achieved total covering of the chamber with the stress solution in a period of approximate 5 seconds. These results were corroborated experimentally implementing a time-lapse measurement of fluorescein in the actual device with cells. The fabrication of the devices was completed after a series of optimization steps during the photolithography process, in order to achieve the desired dimensions and stability for the PDMS molding.
NADH auto fluorescence measurements were performed and cell reaction to cyanide stress was followed individually in time ( Figure 4 ). Even though only weak oscillations were observed, the discussion arises when synchronized fluctuations in absence of external mechanical induced flows appeared. The simulations and experimental evidence showed that after 5 seconds the cyanide concentration is uniform over the complete chamber, however, the proposed synchronization agent (Aca) secreted by the cells can influence the metabolic cycle of the neighbors. Whether there is a threshold met of all required substances for the cells to suddenly increase their NADH concentration and then, as equally sudden, drop or some other factor(-s) that affect the cells, requires further investigation and parameter optimization.
A customized optical setup was assembled and tested. The infra-red optical tweezers setup enabled the automatized trapping and positioning of the cells, the epi-fluorescence section allowed the NADH time dependent auto fluorescence intensity measurements. Currently the yeast preparation with NADH sensors is taking place and the next step to come is the application of tomographic acquisition of time dependent measurements of glycolytic oscillations.
